2+ self-exchange. The origin of this dramatic difference has been probed with DFT calculations on the self-exchange reactions of 1c + 2c and on monocationic ruthenium complexes with pyrrolate or fluoride in place of the py ligands. The calculations reproduce the difference in barrier heights and show that transfer of a hydrogen atom involves more structural reorganization for vanadium than the Ru analogues. The vanadium complexes have larger changes in the metal-oxo and metal-hydroxo bond lengths, which is traced to the difference in d-orbital occupancy in the two systems. This study thus highlights the importance of intrinsic barriers in the transfer of a hydrogen atom, in addition to the thermochemical (bond strength) factors that have been previously emphasized.
1
H NMR spectrum, despite being paramagnetic. Complex 2a abstracts H
• from organic substrates with weak O-H and C-H bonds, converting 2,6-t Bu 2 -4-MeO-C 6 H 2 OH (ArOH) and 2,2,6,6-tetramethyl-N-hydroxypiperidine (TEMPOH) to their corresponding radicals ArO
• and TEMPO, hydroquinone to benzoquinone, and dihydroanthracene to anthracene. The equilibrium constant for 2a + ArOH h 1a + ArO
• is (4 ( 2) × 10 -3 , implying that the VO-H bond dissociation free energy (BDFE) is 70.6 ( 1.2 kcal mol -1
. Consistent with this value, 1a is oxidized by 2,4,6-t Bu 3 C 6 H 2 O
• . All of these reactions are surprisingly slow, typically occurring over hours at ambient temperatures. The net hydrogen-atom pseudo-self-exchange 1a + 2b a 2a + 1b, using the t Bu-and Me-bpy substituents as labels, also occurs slowly, with k se ) 1.3 × 10 -2 M -1 s -1 at 298 K, ∆H q ) 15 ( 2 kcal mol -1
, and ∆S q ) 16 ( 5 cal mol -1 K. Using this k se and the BDFE, the vanadium reactions are shown to follow the Marcus cross relation moderately well, with calculated rate constants within 10 2 of the observed values. The vanadium self-exchange reaction is ca. 10 6 slower than that for the related Ru 
Introduction
The interconversion of metal-oxo and reduced metal-hydroxo complexes (eq 1) is of fundamental importance in chemistry, biology, and the environment. This is also perhaps the paradigmatic example of processes that involve transfer of both a proton and an electron. [1] [2] [3] [4] [5] In that context, reactions (1) have been called proton-coupled electron transfer (PCET), concerted proton electron transfer (CPET), and/or hydrogen atom transfer (HAT); 1-7 distinctions among these various terms are discussed below. Reaction (1) is particularly important in metal-mediated oxidation reactions, where metal-oxo complexes are able to abstract a hydrogen atom (H • ≡ e -+ H + ) from a substrate, forming the corresponding hydroxo complex. This is thought to be the key step in hydrocarbon C-H bond oxidations by metalloenzymes such as cytochromes P450, 8 TauD, 9 soluble methane monooxygenase, 10 and class I ribonucleotide reductases. 11 This step is also involved in the oxidation of butane to † University of Washington. § University of North Texas. ‡ University of Washington crystallographic facility. 
reactions (the strength of the H-X bonds that are broken and formed), and we have found that the rate constants for many of these reactions roughly follow the Marcus cross relation. 2, 29 Extending that work to this vanadium system, we have examined both cross reactions (eq 2, N-N ) a bipyridine ligand) and self-exchange reactions, L n VdO + HOsVL n f L n VsOH + OdVL n . The vanadium reactions are remarkably slow compared to other metal-mediated hydrogen-transfer reactions. Most notably, the self-exchange occurs roughly a million times slower than the self-exchange between structurally related ruthenium-oxo/ hydroxo-bipyridine complexes. DFT calculations on models for the vanadium and ruthenium self-exchange reactions reproduce this dramatic disparity and indicate that it results from differences in inner-sphere reorganization energies.
Results

Vanadium-Oxo and -Hydroxo
Complexes. These complexes have been prepared with 4,4′-di-tert-butyl-2,2′-bipyridine ( t Bu 2 bpy, a series), 4,4′-dimethyl-2,2′-bipyridine (Me 2 bpy, b), and 2,2′-bipyridine (bpy, c). The vanadium(IV)-oxo/hydroxo complexes [V IV O(OH)(R 2 bpy) 2 ]BF 4 (1a-c) reported by Kabanos et al. 18 have been made, using a revised procedure, from V(O)SO 4 , HBF 4 , BaCO 3 , and the R 2 bpy ligand. We also describe (see Experimental Section) an improved route 38 to the known Table 1 below) 39 shows a cation with a distorted octahedral geometry. The two short VdO bonds of 1.627(5) Å are typical of V V O 2 + compounds and are similar to those of the two previously reported crystal structures of this cation (in compounds with different counterions prepared in less direct fashions). 19, 40, 41 The V-N bonds trans to an oxo are 0.15(3) Å longer than the V-N bonds trans to a bpy nitrogen, illustrating the strong trans influence of the oxo ligands.
Compounds 1 and 2 have been characterized by mass spectrometry, IR, and 1 H NMR spectra, in addition to comparison of their optical spectra with those of reported derivatives. UV-vis spectra of 2a-c show strong peaks with λ max e ∼350 nm ( ≈ 20 000 M -1 cm + cations have the expected C 2 structure in solution (as found in the solid state, Figure 1 ) and have a fluxional process which equilibrates the pairs of R-py rings. Lineshape analysis of spectra of 2a in CD 2 Cl 2 from 190 to 300 K gives the Eyring parameters ∆H q ) 18 ( 2 kcal mol -1 and ∆S q ) 14 ( 2 cal mol
), while 2c is insoluble in CD 2 Cl 2 . The spectra are similar in CD 3 CN for all three compounds, with broad peaks of similar linewidths at ambient temperature that sharpen but do not reach the low-temperature limit at 235 K. The positive entropies and large trans influence, as evidenced by the structure of 2c, suggest a dissociative mechanism.
[V (Figure 3 ), assigned to the four inequivalent t Bu groups. No other resonances are discernible between +100 and -100 ppm. The observation of four t Bu resonances indicates that exchange of the proton between the hydroxo and oxo moieties is slow on the NMR time scale. While proton transfer between oxygens is usually very rapid, slow exchange has previously been described for other oxo-hydroxo compounds. 43 The one broad t Bu resonance, labeled 4 in Figure  3 , is tentatively assigned to the t Bu on the pyridine ring that is coplanar with the vanadyl group, because only this pyridine has overlap of its π system with the vanadium d xy orbital that holds the unpaired electron. 18, 42 The 1 H NMR spectrum of 1b shows only two very broad peaks between 2 and 5 ppm (likely due to the Me groups), and compound 1c does not show a 1 H NMR spectrum.
Solutions of the dioxo compounds 2a-c in organic solvents decompose over the course of days at ambient temperatures. The decomposition appears to be faster at higher concentrations and elevated temperatures, and is evidenced by a change in the color of solution from pale yellow to green. Decomposition appears to give primarily [V IV O(OH)(R 2 bpy)] + (1a-c), by NMR. While the other products have not been identified, oxobridged vanadium dimers are often green. 44, 45 Compounds 1a-c are stable in solution for a week at room temperature.
Hydrogen Atom Self-Exchange.
1 H NMR spectra of CD 3 CN and CD 2 Cl 2 solutions containing both 1a and 2a are essentially the sum of the spectra of the two species. There is no evidence for any chemical exchange process, even at 340 K when the spectrum of 1a is fairly sharp (Figure 2 ). This indicates that degenerate hydrogen atom self-exchange between the cisoxo-hydroxo-vanadium(IV) and cis-dioxo-vanadium(V) compounds 1a and 2a is slow on the NMR time scale, too slow to measure by NMR line broadening. This result is surprising because we have used NMR line broadening to measure selfexchange rate constants in a number of related systems. 46 We have therefore examined the reaction between 1a and 2b to give 1b and 2a, and the reverse (Scheme 1). This can be considered a pseudo-self-exchange reaction because the alkyl substituents are electronically similar (Me vs The kinetic data fit well to a second-order approach to equilibrium model, which yields both equilibrium and rate constants, K se and k se . 48 The same K se and k se were found from reactions done in either direction and with various starting conditions, including beginning with three species present initially. Over the entire 280-320 K temperature range, the equilibrium constants are 1.0 ( 0.6, indicating that these are very close to true self-exchange reactions. k se at 320 K in anhydrous CD 3 CN is (
. amounts of reactants at 10 mM concentrations, the reaction requires several hours to reach completion at ambient temperatures. UV-vis spectra of reaction (3) show formation of 1a, benzoquinone, and an unidentified species with a strong absorbance extending from 380 nm into the visible region. 39 This unknown species is not formed from 2a plus the product benzoquinone, nor from 1a plus hydroquinone, as neither of these reactions shows any discernible change over 24 h by 1 H NMR and UV-vis. Monitoring the kinetics by 1 H NMR, the rate of disappearance of hydroquinone under pseudo-first-order conditions of excess 2a suggests a rate constant of (4.0 ( 0.5) × 10 -2 M -1 s -1 for reaction (3), assuming a bimolecular rate-limiting step. 39 Complex 2a also slowly oxidizes 2,6-di-tert-butyl-4-methoxyphenol (ArOH), with 1a appearing over a period of hours at NMR concentrations in CD 3 CN at 298 K (eq 4). Optical spectra of the reaction show the distinct spectrum of the phenoxyl radical, which is quite stable (Figure 6 ). 50 The The hydroxylamine 2,2,6,6-tetramethyl-N-hydroxypiperidine (TEMPOH), which has an O-H BDFE of 66.5 ( 0.5 kcal mol ; assuming that the ∆BDFE is equal to the ∆BDE gives a BDFE for however, complicated by the further reaction of 1a with TEMPOH.
1 H NMR spectra of 7 mM 2a plus 73 mM TEMPOH at 275 K showed complete disappearance of 2a within 3 h, but the maximum yield of 1a was only 30% and other products were observed, including free t Bu 2 bpy. 39 With a larger excess of TEMPOH, 2a is consumed faster but the yield of 1a is no higher. These issues have prevented quantitative studies, but the data are qualitatively consistent with a bimolecular rate constant of ca. 10
. TEMPOH and hydroquinone seem capable of coordinating and displacing t Bu 2 bpy, while this seems to be prevented by the 2,6-di-tert-butyl groups of the phenols.
Complex 2a is also slowly reduced by xanthene and dihydroanthracene (DHA). A sealed NMR tube containing 13 mM 2a and 51 mM DHA showed stoichiometric 20% conversion to anthracene and a corresponding amount of 1a after 2.5 days at 298 K by 1 H NMR, but further reaction is complicated by the decomposition of 2a. Xanthene reduces 2a more quickly, with 45% conversion to 1a in 30 h under similar conditions. Within 7 days, 2a is quantitatively reduced to 1a, and 5% free ligand is observed. No xanthone or anthrone is observed in these reactions. 56 The kinetics of 2a + xanthene were followed by the stoichiometric growth of the d-d band of 1a at 754 nm ( Figure S10 39 ). The pseudo-first-order k obs varied linearly with
. The more limited data for the DHA reaction are consistent with k DHA ≈ 2 × 10
. The xanthene C-H BDFE is 70.9 kcal mol -1 , 28,57 so H • transfer from xanthene to 2a is essentially thermoneutral; the reaction is presumably driven by further reactions of the xanthyl radical.
4. DFT Calculations. Hydrogen atom self-exchange between 1c and 2c has been examined using DFT calculations, which were performed with the B3LYP functional 58 and the 6-31G* basis set. 59 The polarizable continuum model (PCM) 60 was used to approximate the effects of solvation in acetonitrile. All of the calculations were carried out with the Gaussian03 package of programs.
61
Gas-phase structures of the 1c and 2c cations were calculated, and their bond lengths and angles are listed with the experimental solid-state structures of the BF 4 salts in Table 1 . For 1c, the calculated VdO is close to that expected for a V IV dO distance. 62 The experimental VdO and VsOH distances are unusually long and short, respectively (as was noted in ref 18a), perhaps reflecting some disorder in the crystal.
Bringing complexes 1c and 2c together forms a hydrogenbonded "precursor complex", in which the hydroxo group of 1c acts as a hydrogen bond donor to one of the oxo groups of 2c. Formation of this precursor complex is calculated to be endothermic by 17.9 kcal mol -1 in the gas phase, due to the large Coulombic repulsion between the positively charged vanadium reactants. Solvation reduces this Coulombic repulsion, as formation of the hydrogen-bonded precursor complex is calculated to be exothermic by -4.7 kcal mol -1 in acetonitrile. This negative ∆H°in acetonitrile is counteracted by the positive entropy of formation, which is calculated (in the gas phase) as
, so ∆G°is calculated to be positive, 6.8 kcal mol -1
. Thus, the calculations find that the ground state of the system is the separated reactants, not the hydrogen-bonded complex, consistent with experimental observations. Transition-state structures for hydrogen exchange between 1c and 2c were also calculated. In acetonitrile, ∆H q for formation of the C 2 -symmetric transition structure, in which the proton is halfway between the oxygen atoms, is calculated to be 12.4 kcal mol -1 above that for the separated reactants and 17.1 kcal mol -1 above that for the hydrogen-bonded complex. This value of ∆H q ) 12.4 kcal mol -1 for reaction of 1c and 2c is in reasonable agreement with the experimental value of ∆H q ) 15 ( 2 kcal mol -1 in MeCN. Interestingly, the calculated gas-phase value of ∆H q ) 16.3 for degenerate hydrogen atom exchange from the hydrogenbonded precursor complex is nearly the same as the PCM value. Thus, although the PCM and gas-phase values for formation of the hydrogen-bonded complex differ by 22.6 kcal mol -1 , the PCM and gas-phase values of ∆H q for hydrogen exchange differ by only 0.8 kcal mol -1
. The presence of a polar solvent is calculated to stabilize the precursor complex and transition structure almost equally, so the solvent has very little effect on the barrier for hydrogen exchange within the complex.
The calculated C 2 transition structure 63 has a nearly linear O-H-O bridge (see Table 1 and Figure 11 below). The two vanadium centers are twisted about this bridge, with a calculated OdV---VdO torsion angle of 124.2°. The VsO bonds involved in the H transfer are calculated to be 1.710 Å long at this transition state, intermediate between the calculated lengths of 1.859 and 1.595 Å for the VsOH and VdO bond lengths of isolated 1c and 2c, respectively.
As mentioned in the previous section, the reaction of 1a with 2b is much slower than the apparently similar self-exchange reaction of Ru found that the production of anthrone or xanthone depends on the rate of trapping of the benzylic radical. 27,28,56b,c This trapping may be slow due to the low oxidizing power of the vanadium(VI)-hydroxide species (discouraging radical rebound), and due to the high intrinsic barrier to oxidation in this system. With slow trapping of R were also located. They were computed to be respectively 6.9 and 6.7 kcal/mol higher in enthalpy than the C 2 transition structure. Thus, the transition structure that involves two molecules of the same chirality is computed to be considerably lower in energy than either of the two transition structures that involve molecules of opposite chirality.
transition state for the ruthenium self-exchange reaction could be located. Therefore, model systems were chosen, 64 in which the neutral pyridine ligand was replaced with a fluoride or pyrrolate ligand. 65 The resulting ruthenium reactants are, like their vanadium counterparts, monocationic, so hydrogen-bonded complexes and transition structures for hydrogen exchange could be located for both the ruthenium fluoride and ruthenium pyrrolate complexes.
Formation of these hydrogen-bonded precursor complexes in the gas phase is calculated to be endothermic by 15.5 kcal mol , respectively. Thus, the effect of acetonitrile solvation on the enthalpies of formation of the ruthenium precursor complexes is calculated to be ∆H°) -20.7 and -21.3 kcal mol , computed for solvation of the vanadium precursor complex.
C 2 -symmetric transition-state structures were also located for both ruthenium model complexes. The transition structures are calculated to be higher in enthalpy than the precursor complexes by 10.3 kcal mol -1 (F) and 12.1 kcal mol -1 (pyrr) in the gas phase and by 11.1 and 12.6 kcal mol -1 in acetonitrile solution. Thus, as in the reaction of vanadium complexes 1c and 2c, solvation by acetonitrile is calculated to have a large enthalpic effect on formation of the ruthenium complexes, but only a very small effect on the barrier to degenerate hydrogen-exchange reactions in the ruthenium complexes. Figure 7 gives the differences between the calculated activation enthalpies for degenerate exchange in the hydrogen-bonded vanadium and ruthenium complexes both in acetonitrile solution and in the gas phase. Starting either with the isolated reactants or with the hydrogen-bonded complexes, the activation enthalpy is much larger for hydrogen exchange between vanadium complexes 1c and 2c than for that between RuO(F) and Ru(OH)(F) or RuO(pyrr) and Ru(OH)(pyrr). For example, the enthalpic barrier to hydrogen exchange is 6.0 kcal mol -1 higher for 1c + 2c than for RuO(F) + Ru(OH)(F), even though in MeCN the enthalpies of formation of the hydrogen-bonded precursor complexes are only 0.5 kcal mol -1 smaller for 1c + 2c than for RuO(F) + Ru(OH)(F). The same 6.0 kcal mol -1 difference in barrier heights is also computed for the gas-phase reactions, indicating that the difference is not due to solvation. Nor is the difference in barrier heights due to zero-point energies or to heat capacities, because, if electronic energies are substituted for enthalpies, the 6.0 kcal mol -1 difference in activation enthalpies is reduced, but by only 0.2 kcal mol These vanadium reactions are remarkably slow. Similar hydrogen-transfer reactions (eq 5) have been examined for a wide variety of metal coordination complexes, including Cr, Mn, Fe, Ni, Co, Cu, Ru, and Os complexes. [1] [2] [3] 15, 16, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] These reactions all involve redox change at the metal center, coupled with protonation or deprotonation of a ligand (eq 6). 69 A variety of ligands act as the proton acceptor: oxo (bridging or terminal), alkoxy, superoxo, anilide, hexafluoroacetylacetonate, imidazolate, imidazolinate, and terpyridine-4-carboxylate. Hydrogentransfer reactions of these complexes are typically rapid at (64) (a) For these calculations, the relativistic, compact effective potential and basis set of Stevens, Basch, Krauss, and Jasien 64b was used for ruthenium, and 6-31G(d) was used for all of the other atoms. (b) Stevens, W. J.; Krauss, M.; Basch, H.; Jasien, P. G. Can. J. Chem. 1992, 70, 612. (65) Calculations on the isolated molecules were performed on the doublet states of the ruthenium-hydroxy species and on the triplet states of the ruthenium-oxo species, because the quartet state was found to be lowest for both the hydrogen-bonded complexes and the transition structures.
(66) (a) BDFEs are used, rather than the more common BDEs, because recent studies of metal-mediated hydrogen-transfer reactions have shown that entropies of reaction (∆S°) can be large in magnitude and should not be ignored. ), relative to the hydrogen-bonded complexes (b) , of the reactants (a) and transition structures (c) in three degenerate hydrogen-exchange reactions in acetonitrile solution. For the transition structures, the gas-phase enthalpies are given in parentheses. ). (Two exceptions are described below.) However, to our surprise, the reactions of the vanadium complexes 1a and 2a with oxyl radicals or O-H bonds are much slower, occurring over periods of hours to days at typical reactant concentrations, with rate constants of 10 ] of -7 ( 2 (derived from a thermochemical cycle using the O-H BDFE and E 1/2 of 1a, Scheme S1). 39 In addition, none of the substrates in Scheme 2 are good outer-sphere reductants (E 1/2 values from 0.7 to ∼1.5 V versus Cp 2 Fe +/0 5,51c, [73] [74] [75] ) or strong acids (pK a values from 28 to 40 51b,54,76,77 ). The data thus indicate that initial proton or electron transfer from any of these substrates to 2a would be very unfavorable, and that the reactions must therefore proceed by concerted transfer of e -and H + . 2. Pseudo-Self-Exchange Reaction. Self-exchange rate constants provide a measure of the intrinsic ability of a reagent to undergo a particular reaction, in this case hydrogen transfer. In the vanadium-oxo system, self-exchange of a hydrogen atom is remarkably slow, based on the pseudo-self-exchange reaction between the t Bu 2 bpy and Me 2 bpy derivatives, 1a + 2b f 1b + 2a (Scheme 1). This reaction, with k ) (1.3 ( 0.1) × 10 -2 M -1 s -1 and K eq ) 1.0 ( 0.6 in MeCN at 298 K, is much slower Scheme 2. Summary of the Reactivity of 2a with Hydrogen Atom Donors . 28a This value is 6 × 10 6 times faster than the vanadium self-exchange measured here. The Ru and V systems are both oxo/hydroxo interconversions and both have bis(bipyridine) supporting ligands; they differ only in the sixth ligand (oxo for V, pyridine for Ru) and the d-electron count (d 0/1 vs d 4/5 ). The origin of this difference in rates, and the slowness of the V systems, is discussed below.
The V IV O(OH)/V V O 2 self-exchange is slower than all but one of the hydrogen atom self-exchange reactions shown in Table  3 by a factor of ca. 10 5 or more. This large difference is seen in comparisons of reactions involving first-row and second-row metals, with terminal and bridging oxo complexes, in a variety of steric environments, with neutral and multiply charged complexes, and in purely organic reactions. For example, selfexchanges between protonated ketyl radicals and ketones, which are similar to V . 78 The self-exchange reactions for other oxo/hydroxo couples, with rate constants crudely estimated using the Marcus cross relation and measured cross-reaction rate constants, all occur rapidly, with k J 10 3 M -1 s -1 . Self-exchange rate constants for reactions involving N-H bonds of metal-containing compounds range from 3.2 × 10 5 to 9. Figure 1) . In addition, Ru(OH)(bpy) 2 (py) 2+ + Ru(O)(bpy) 2 (py) 2+ self-exchange is much more facile, despite having more steric congestion around the oxygen atoms.
Small rate constants could also be a result of the vanadium reaction being nonadiabatic, such that the probability of crossing from reactant to product surfaces is small (κ , 1 in transition state theory). 79 This should result in a small Arrhenius prefactor A, which is equivalent to an unusually large negative activation entropy ∆S q . However, the values found for 1a + 2a selfexchange, A ) 4 × 10 9 s
, are typical of an adiabatic bimolecular reaction. 80 Therefore, large nonadiabatic contributions to the slow self-exchange are unlikely.
The slow vanadium self-exchange rate appears to be due almost entirely to a large activation barrier,
). In terms of Marcus theory, the high barrier indicates an adiabatic self-exchange reaction with a large intrinsic barrier, λ. As discussed below, this interpretation is supported by both the experimental results described in the next section and the DFT calculations that follow it.
3. Application of the Marcus Cross Relation. We have shown that the Marcus cross relation (eq 7) holds for many although not all hydrogen-transfer reactions, 28-31,46b even though it is a simplistic treatment.
81 Equation 7 predicts the rate constants for XH + Y f X + HY cross reactions (k xy ) in terms of its driving force (K eq ) and the self-exchange rate constants (k xx , k yy ). 82, 83 Cross rate constants have been calculated for the five vanadium reactions reported here (k calc ) and are compared with the measured k xy in Table 4 . As detailed in the notes to ) at 298 K, in MeCN unless otherwise indicated; all rates statistically corrected by dividing the observed self-exchange rate by the number of X-H donor sites and/or H
• acceptor sites as necessary.
b Estimated from the Marcus cross relation using known ∆G°, observed k HAT , and k se of the organic reagent. 39 c H 2 bim ) 2,2′-biimidazoline; H 2 bip ) 2,2′-bi(tetrahydropyrimidine); Tp ) hydrotris(pyrazolyl)borate.
d Estimated from the rate of DHA oxidation reported in ref 27e.
e Estimated from the rate of DHA oxidation reported in refs 56b,c.
f Estimated from the rate of oxidation of neat toluene reported in ref 27c.
g Rates measured in benzene.
electrostatic component of this work (w r = +1.5 kcal mol -1 ) 39, 82, 85 would raise the k calc values by a factor of 5. We estimate that the rate constants, k calc , calculated from eq 7 have an uncertainty of 1-2 orders of magnitude, due to the uncertainties in the BDFEs, in the estimated substrate k yy values, and in the work terms. The k calc for the reaction of 2a with t Bu 2 (MeO)ArOH is more precise because the K eq was measured directly rather than from BDFEs.
The calculated rate constants for transfer of a hydrogen atom are in fair agreement with the experimental values, with k xy / k calc varying from 0.05 to 80. While some of the values are outside the estimated errors, the cross relation captures the major trends in the rate constants for a range of organic substrates and for values of k xy that range over almost 6 orders of magnitude. For example, the reaction of 2a with DHA is ∼10 5 times slower than reaction of 2a with hydroquinone, at a similar driving force, because k yy for DHA is much slower than that of hydroquinone.
The Marcus analysis indicates that the slow hydrogen-transfer reactions of the vanadium compounds can be traced to the very slow V IV O(OH)
+ self-exchange rate constant. For example, 2a oxidizes TEMPOH 10 4 times more slowly than Fe III (Hbim)(H 2 bim) 2 2+ (at the same driving force) because hydrogen-transfer self-exchange is much slower for vanadium than for iron (H 2 bim ) 2,2′-biimidazoline). All of the slow rates reported here can largely be attributed to an unusually high intrinsic barrier for hydrogen atom self-exchange for V IV O(OH)/ V V O 2 . The origins of this high barrier for hydrogen atom selfexchange are discussed below. 4. Computational Insights. As described above, DFT calculations at the B3LYP/6-31G(d) level, with a polarizable continuum solvent model appropriate for MeCN, give ∆H q ) 12.4 kcal mol -1 for the 1c + 2c self-exchange reaction. This calculated value is in good agreement with the experimental activation enthalpy of 15 ( 2 kcal mol -1 for 1a + 2b in MeCN. This agreement supports the conclusion that this self-exchange reaction occurs by a concerted transfer of the electron and proton with a comparatively high enthalpic barrier. Since the calculations did not include any proton tunneling or nonadiabatic effects, the agreement also suggests that such effects are not of great importance in this reaction.
Computational studies have also examined the ruthenium-oxo/ hydroxo H-atom self-exchange reactions Ru
OH(L)(bpy) 2 + for L ) fluoride and pyrrolate (pyrr), as models for the experimentally studied dicationic compounds with L ) pyridine. 28a Starting from the hydrogen-bonded complexes, the calculated enthalpic barriers for RuO(pyrr) + Ru(OH)(pyrr) and RuO(F) + Ru(OH)(F) are 4.2 and 6.0 kcal mol -1 lower, respectively, than for 1c + 2c. These differences in activation enthalpies correspond to differences in rate constants of 10 3 and 10
4
. Thus, the majority of the experimentally observed 10 6 difference in self-exchange rates between the vanadium and ruthenium complexes is mirrored by our calculations.
A. Origin of the Barriers. The difference in calculated electronic energies between the transition structures and hydrogenbonded complexes is 5.8 kcal mol -1 larger for V than for Ru(O)F. The close correspondence between this ∆∆E q and the computed values of ∆∆H q ) 6.0 kcal mol -1 (both in solution and in the gas phase) has allowed us to understand the experimental difference between the self-exchange rates of the V and Ru complexes in solution by analyzing the origins of the differences between the electronic energies of the reactions in the gas phase.
We have divided the passage from the optimized geometries of the hydrogen-bonded precursor complexes to the transition structures into three steps (a f d in Figure 8) . First, the O · · · O distances in the hydrogen-bonded complexes (a) were shortened to those in the transition structures, but with all other geometrical parameters reoptimized (b) . As can be seen in Figure 8 , the energies required for this step are the same to within 1.0 kcal mol -1 , with the vanadium complex actually being the lowest. The similarity of these energy changes reflects the similar charge and steric environments around the metal-oxo moieties in all three complexes.
In the next step (b f c), all of the atoms except for the transferring hydrogen were moved to their positions in the transition structures, and the positions of the transferring hydrogens were optimized. This step is 5.1-5.2 kcal mol -1 more difficult for the vanadium than for the ruthenium complexes, and thus accounts for almost all of the differences in activation energies between the V and Ru compounds. The final step of the cycle involves moving the proton to the symmetrical position that it occupies in the transition structures (c f d). Once again, the energies required for this step are very similar among the three complexes, being only 1.2 kcal mol -1 more difficult for VO 2 /VO(OH) than for RuO(F)/Ru(OH)(F).
89
The results in Figure 8 show that the difference between the barrier heights in the vanadium and ruthenium systems arises predominantly from the differences between the energies that are required to change the MdO, MsOH, and MsN bonds from their lengths in the precursor complexes to their lengths Reference 30. in the transition structures. In the Marcus model, the energies associated with these changes are part of the inner-sphere reorganization energies, λ i . Single-point calculations were also performed on the isolated vanadium-and ruthenium-oxo and -hydroxo species, in order to probe the energetic consequences of the bond length changes between the reactant and transition-state structures. 39 Shortening the MsOH bond lengths of the hydroxo complexes, as occurs in the b f c step of Figure 8 , is more energetically costly for V(O)(OH)(bpy) 2 + (1c) than for Ru(OH)(L)(bpy) 2 + , by 2.3 and 2.7 kcal mol -1 for L ) pyrr and F, respectively. Slightly larger energy differences are calculated for stretching the MdO bonds of the oxo compounds, 3.2 and 3.0 kcal mol -1 greater for 2c than for the RuO(pyrr) and RuO(F) complexes. Together, these distortions are 5.5-5.7 kcal mol -1 more difficult for vanadium than for the ruthenium complexes, in good agreement with the calculated differences of 5.1-5.2 kcal mol -1 for step b f c in Figure 8 . Thus, the difference in hydrogen-exchange barriers, both observed and calculated, can be traced to the greater energetic cost for vanadium than for ruthenium of changing the MdO and MsOH bonds from their lengths in the hydrogenbonded reactant complexes to their lengths in the transition structures for the self-exchange reactions. Figure 9 provides the MsOH and MdO bond lengths in the reactants, hydrogen-bonded complexes, and transition structures. The MsOH and MdO bonds are calculated to be 0.1-0.2 Å shorter for M ) V than for M ) Ru, as expected. 90, 91 In going from the reactants or the hydrogen-bonded complexes to the transition structures, the changes in MsOH and MdO bond lengths are larger for vanadium than for ruthenium. The MsOH bonds contract by ca. 0.05 Å more for V, and the MdO bonds lengthen by ca. 0.04 Å more for V. In addition, the shorter VsOH and VdO bonds have higher force constants. For example, the experimental frequency of the symmetric VO 2 stretch is 927 cm
The calculated frequencies are ν symm (VO 2 ) ) 1060 cm -1 in 2c and ν(RudO) ) 795 and 798 cm -1 for RuO(pyrr) and RuO(F), respectively. Therefore, the reorganization energies are higher in the vanadium complexes than in the (89) (a) We also performed calculations with the MPW1K functional. The energies for all of the steps in Figure 8 computed with MPW1K/ 6-31+G(d,p) were similar to those computed with B3LYP/6-31G(d), except for the hydrogen-transfer step (cfd). The MPW1K calculations gave values about 10 kcal mol -1 higher for the vanadium complex and 7-8 kcal mol -1 higher for the ruthenium complexes. The barrier heights computed with MPW1K were higher than B3LYP values by 12.8 kcal mol -1 for VO 2 /V(O)OH and by 11.6 and 10.4 kcal mol ruthenium complexes for two reasons: larger changes in MsOH and MdO bond lengths are required to reach the transition structure for M ) V than for M ) Ru, and these larger changes are magnified by the higher force constants for the VsO and VdO bonds.
The metal-oxygen bond-length distortion energies for moving from the reactant to the transition structure are computed to be greater in the vanadium than the ruthenium reactions. This is a consequence of the structure of the reactants: the 0.264 Å difference between the VsOH and VdO bond lengths is ca. 0.10 Å larger than the 0.167-0.168 Å difference between the RusOH and RudO bond lengths. Therefore, the key to understanding the greater reorganization energy in the self-exchange reaction of the vanadium versus the ruthenium complexes is understanding why the difference between the MsOH and MdO bond lengths is 50% larger for V than for Ru. -dioxo complexes such as 2c, which have no 3d electrons, ruthenium(IV)-monooxo compounds have four electrons in the Ru t 2g 4d AOs. Two of these electrons occupy Ru-O π* orbitals. 41, 62, 92 These complexes therefore have only two half π bonds. Although the total Ru-O π bond order is formally one, each of these half π bonds is expected to be weak. 93 Addition of H
• to the ruthenium-oxo group lowers the formal Ru-O π bond order to 0.5. In Ru(OH)F + , the remaining unpaired electron preferentially occupies a 4d AO that lies in the F-Ru-O plane. A scan of the F-Ru-O-H dihedral angle (see Figure S13 and the accompanying text in the Supporting Information) reveals that the global minimum occurs at F-Ru-O-H ) 99.8°, where the lone pairs in 2p π AOs on both F and OH can interact with this singly occupied 4d AO. The scan shows two maxima, at F-Ru-O-H ) 357.6°and 183.3°, and a secondary minimum, at F-Ru-O-H ) 232.4°. The averaged maxima are 6.9 kcal mol -1 higher in energy than the averaged minima and have 0.34 Å longer Ru-OH bond lengths. These results indicate that, unlike the case in the vanadium complex 1c, there is a significant, albeit weak, π bond to the OH group in Ru(OH)F. Consistent with this conclusion is the finding that, at the equilibrium geometry of Ru(OH)F, 17.0% of the unpaired spin is localized on the hydroxyl group, whereas in 1c, only 3.1% of the unpaired spin appears on the hydroxyl group.
In summary, the calculations provide a detailed understanding of the differences in the heights of the barriers to hydrogen atom self-exchange in the vanadium and ruthenium systems. As illustrated in Figure 10 , addition of H
• to 2 decreases the π bond order for one V-O bond from 1.5 to close to 0, while the other V-O increases its π bond order from 1.5 to 2. In contrast, addition of H
• to the Ru IV (O)X complexes results in a bond order decrease of only ca. 0.5 of a weak π bond. The larger changes in π bond order upon hydrogen atom addition to 2 than to Ru IV (O)X + are reflected in larger changes in M-O bond lengths, both observed and computed, for the vanadium than the ruthenium complexes. These larger changes in M-O bond lengths on H
• addition to 2, compounded by the higher force constants for the V-O bonds, are the origin of the larger innersphere reorganization energies for hydrogen self-exchange in the vanadium vs the ruthenium complexes.
C. Nature of the e -
/H
+ Transfer: PCET vs HAT. Traditionally, any reaction that involved net transfer of H
• from one reagent to another (eq 5 above) has been termed hydrogen atom transfer, or HAT. Some years ago, Meyer proposed that HAT should be restricted to processes where "the transferring electron and proton come from the same bond." 1, 94 More recently, some of us showed that H
• self-exchange between phenoxyl radical and phenol does not resemble HAT, but rather involves proton transfer between two oxygen lone pairs coupled to electron transfer between phenoxyl π orbitals. 95 We termed this mechanism proton-coupled electron transfer (PCET) to distinguish it from HAT, and others have found this distinction useful. 71 Unfortunately, PCET now has a much broader usage, often referring to any electron transfer process whose overall rate is affected by proton(s). Truhlar and co-workers have recently proposed an alternative distinction between HAT and PCET processes. 96 Using the original definition of PCET, the vanadium selfexchange reaction is a PCET process, not HAT. There is concerted transfer of e -+ H + in which the electron is not associated with the VO-H bond. This is shown by the nature of the SOMO at the transition structure ( Figure 11 ). The SOMO is V-OH π antibonding and is, at each vanadium, orthogonal to the O-H bond that is being made or broken. This is the clear indication of a PCET pathway.
Analysis of the ruthenium self-exchange reactions is more complicated because there are three half-filled orbitals at the transition structure ( Figure S14 ). 39 One of these SOMOs resembles the vanadium PCET SOMO, but another resembles the SOMO at a classical HAT transition structure. This illustrates a difficulty with the PCET/HAT dichotomy. Only in favorable cases can this distinction be made, even in the simplest case of self-exchange reactions. In cross reactions, the situation is often much more complicated. In the reactions of 2a with xanthene and dihydroanthracene, for instance, the mechanism is PCET from the perspective of the vanadium center but HAT from the perspective of the C-H bond. In many cases it can be quite challenging to make a PCET/ HAT distinction in the absence of detailed calculations. Therefore, we favor using the term HAT in its traditional way, to "refer to what is transferred between reactants in the net sense and not to the mechanism of the event", 97 unless the context makes clear that a detailed orbital picture is implied. ), suggest that this is an adiabatic reaction with a relatively large barrier. Using the vanadium selfexchange rate constant, the Marcus cross relation predicts the rate constants of the HAT cross rates within 2 orders of magnitude in most cases.
Conclusions
DFT calculations of the vanadium self-exchange reaction 1c + 2c, using a PCM solvent model, give a calculated barrier height of ∆H q ) 12.4 kcal mol -1 above that for the separate reactants and 17.1 kcal mol -1 above that for the hydrogen- , pyrrolate). The difference between the vanadium and ruthenium complexes is due to a larger change in the net π bond order in the former than in the latter, which can, in turn, be traced to the differing d-orbital occupancies of the V vs Ru complexes. The larger bond length distortions and higher force constants make the Marcus inner-sphere reorganization energy, λ i , larger for the vanadium than for the ruthenium reactions, leading to the dramatic 10 6 difference in reactivity.
